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The vigour loss model based on normal distribution after artifi-
cially ageing by heat treatment of barley seeds developed by
Ellis and Roberts and further developed at Carlsberg by Aastrup
et al. introducing vigour potential (VP), does not adequately
describe seed vigour for all barley samples. In a preliminary in-
vestigation we have identified heat-resistant barley samples. In
this investigation we found untreated barley samples from the
field where heat treatment as high as 68°C for 4 h at 12% water
content only decreases germination from 99.0% to 93.8% com-
pared with 94.8% to 0.0% for some of the heat-sensitive barleys
following the above mentioned model. The correlation between
germination velocity measured by the germination index (GI) of
untreated samples and VP is not consistent when comparing
different barley material. It is concluded that the classic vigour
loss model for heat treatment may be used as a worst case pre-
diction for germination, but it does not address the variation
found in practice, including the possible advantage of exploiting
the naturally occurring heat resistance.

Key words: Barley, heat resistance, heat treatment, principal
component analysis, vigour.

INTRODUCTION

The main requirement for malting barley is a complete,
even and preferably rapid germination; that is, the barley
should possess a high vigour. Riis and Bang-Olsen'® found
that slow-germinating low-vigour barley which had an end
germination percentage comparable to fast-germinating
high-vigour barley demanded up to 42% longer malting
time.

Moreover, vigour is important in the grain industry that
produces seed for farmers for sowing, because low-vigour
seeds will give a reduced grain yield, especially under
stressed weather conditions®. A reduced vigour can affect
the plant emergence in the field, so that the crop is not
successfully established. In extreme cases, it is not pos-
sible to compensate for this effect by using more seed.
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Furthermore, plants from low-vigour seeds do not achieve
as high yield per plant as plants from high-vigour seeds?®.

All these conditions may influence the production costs
and the quality of the end product — barley for malting.

The circumstances that influence the ageing process
have been investigated by several authors in many differ-
ent experiments where methods to determine loss of vig-
our have been developed. These methods can roughly be
divided into three categories: 1) tests monitoring bio-
chemical changes, 2) germination tests where germination
time and homogeneity are investigated, and 3) stress tests
where seeds are exposed to a stressful environment, either
prior to imbibition or during germination. Vigour tests
included in this category are accelerated ageing by heat
treatment, cool germination, controlled deterioration and
the Hiltner test using Ziegel gravel®.

With regard to heat treatment as a stress source, many
theories have been proposed to exploit heat treatment ex-
perimentally in order to accelerate the ageing process.

Survival of barley with constant moisture content was
studied after varying periods of heat treatment at 50-
100°C in closed containers. Life duration was defined as a
chemical reaction according to the equation of Arrhenius’.
The temperature coefficient Q10 was determined as the
factor by which the death rate of seed increases when tem-
perature increases 10°C.

Groves' studied the connection between life duration
after heat treatment at different moisture contents and the
temperature coefficient Q10 for ageing, but did not find a
clear relationship.

Robertson et al.”? demonstrated that the decrease in
germination percentage due to heating was dependent on
water content (relative humidity). Kernel age and storage
condition before testing also influenced artificial ageing.
They suggested that if one knew how much humidity the
grain could tolerate at a certain time and temperature, it
would be possible to use this information as a guide in the
choice of storage conditions. Robertson et al. were the
first to propose the possibility of using temperature, hu-
midity and germination percentage in a model to deter-
mine vigour?,

Robertson’s theory expressed in words influenced the
creation of the mathematical models of Roberts and Ellis.

Roberts?' assumed that ageing in a seed sample adhered
to a normal distribution model, and saw the ageing process
as a sigmoid curve. He described the relationship between
the half-vital-period (the time it takes to kill 50% of the



kernels) and the temperature and water content, and found
a linear correlation?'.

A better correlation was found between predicted and
measured values of loss of vigour, when water content (%)
was transformed to logarithmic values®. The earlier equa-
tions were written together resulting in Ellis and Roberts’
vigour equation'!.

V = K, — p/10%e~Cw *logm—Ch *1-Cg)
1

V = probit % germination, K; = probit % germination at
beginning of storage, p = storage time in days, K, = 9.983,
C, =5.896, C, = 0,04, C, = 0.000428, m = moisture con-
tent, t = temperature

The values of the constants were determined from “sur-
vival curves” for a sample of the barley variety Proctor
stored in 52 different environments from —20 to 90°C with
moisture contents between 5 and 25%".

Based on the theoretical and empirical vigour model of
Ellis and Roberts!!, Aastrup et al.! at Carlsberg defined the
vigour potential (VP) in probits (probability scale) , also
precluding that germination follows a sigmoid curve based
on the assumption of normal distribution of ageing with
storage time'. The life story of an ideal barley sample can
thus be described as a decrease in dormancy followed by
complete germination ending with the ageing process,
which will result in loss of vigour. When the percentage of
germination is transformed in a probability scale to probit
(e.g. VP 3=99.9%, VP 0 = 50%, VP -1 = 15%), a straight
line will occur, and VP can be determined as the inter-
section with the y-axis'.

A barley lot will often contain a few grains that are
dead due to mechanical damage and not because of loss of
vigour. For this reason Aastrup et al.! introduced Pn, as the
part of the normally distributed barley population, elimi-
nating the effect of grain damage in the equation.

Two barley varieties, one original sample of each, were
used by Aastrup et al.! to test the model, where 5 sub-
samples of each sample/variety were artificially aged for
varying periods of time at 60°C at a water content of 12%.

It was assumed that accelerated ageing through heat
treatment was indicative of decrease of vigour during long-
term storage, which occurs in practice. There have been
few publications regarding vigour potential since 1989.
Apparently, the VP model is little used in practice.

Instead, the germination index (GI) determined on un-
heated seeds defined by Riis and Bang-Olsen'® was adopted
as a measure of vigour, and seems to be more widely used.

In the following we will investigate vigour as a func-
tion of heat treatment on a wide range of barley varieties
from different harvest conditions. The material will be
studied with and without accelerated ageing by heat treat-
ment expressed as germination percentage, vigour poten-
tial and germination index using multivariate data analysis
for evaluation of the whole germination curves.

MATERIALS AND METHODS

Plant material

All samples were stored at 4°C before analysing.

A. Barley samples from 1993 with natural differ-
ences in vigour: 21 samples of Alexis, Ariel, Blenheim,
Etna and Meltan varieties were used. The samples were

grown in different farm locations in Southern Sweden
collected and received from Skanska Lantminnen, Malmo
after harvest 1993.

B. Barley samples from harvest 1993 with artificial
differences in vigour due to heat storage: Alexis, Ca-
rula, Etna and Lysimax varieties were used. The 4 sam-
ples, which displayed initial germination percentage of
97.3 to 98.5, were harvested in 1993 and artificially aged
by high temperature storage at 58°C (See Heat Treatment)
yielding 4 samples of Alexis (0, 10, 30, 40 h), 3 samples
of Carula (0, 10, 30 h), 5 samples of Etna (0, 10, 30, 40,
50 h) and 3 samples of Lysimax (0, 10, 30 h).

C. Barley from harvest 1994 with natural differ-
ences in vigour: Samples from A and B were grown in
1994 in Southern Sweden and in Denmark on the islands of
Zealand and Funen. 14 samples of Alexis, Blenheim, Lysi-
max and Meltan varieties were chosen to determine VP.

Weather conditions 1993 and 1994

Seed vigour is heavily dependent on weather conditions
and research on vigour under field conditions is severely
hampered by the fact that only one to two years out of ten
show drastic effects on germination.

In 1993 the spring and early summer in Southern Scan-
dinavia were characterised by rain deficit. From sowing in
March to July it only rained 50% of the average amount.
July was colder than normal and had 16% fewer hours of
sun than normal. However, July had 50% more rain than
usual, most of it in the last two weeks of the month. In
August the precipitation was normal, although most of the
rain fell in the two first weeks of the month®. Thus, the
humidity conditions made the harvest in 1993 quite diffi-
cult, and most of the grain was harvested with more than
15% moisture content, causing in some cases severe losses
in germination capacity.

The spring (March) of 1994 was wet with 100% more
rain than the normal amount. Therefore, the sowing of the
experiments was delayed until late April. In June there
was 20% more rain than usual. July was dry and hot, and
August had normal precipitation, but most of it fell in late
August after the barley was harvested’. This resulted in
dry and good quality seed.

It is concluded that 1993 and 1994 were contrasting
years with regard to the effect of weather conditions on
harvest conditions and germination of the produced seeds.

Germination analysis

Two different germination analyses were made: (1) to
determine total germination percentage and germination
index (GI) after harvest using a H,0, solution to remove
dormancy, and (2) to determine the percentage of germi-
nated kernels after heat treatment, after which the vigour
potential (VP) was calculated. Petri dishes and water were
used for this analysis (see below). In both analyses the
samples were placed in a dark Refritherm incubator at
20°C. Four replicates were made for every sample and the
standard deviation between the replicates was less than 5%.

1. Germination Index (GI)": 4 x 100 kernels were
steeped and germinated in a beaker with 50 mL 0.75%
H,0, solution added for three days. Percentage of germi-
nated kernels (n) was calculated and removed after 24, 48
and 72 h. Every day the H,O, solution was changed and
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new was added to each sample. This test was carried out
on samples immediately after harvest. Germination Index
(GI) was calculated according to the following equation':

_ 10x(n24 +n48+n72)
n24+ (n48x2)+ (n72x 3)

n = % germinated kernels after 24, 48 and 72 h of germi-
nation

2. Vigour Potential (VP)': 4 x 100 kernels were ger-
minated in 90 mm petri dishes with two layers of filter
paper (Whatman No. 1) and 5 mL H,O for 8 days at 20°C.
Germinated kernels were counted and removed every third
day. This was carried out at least two months after harvest;
so most dormancy was broken.

Heat treatment

Heat treatments were carried out with two different
purposes:

1. To produce artificially aged samples by heat stor-
age for comparison with naturally aged samples: The 4
samples, Alexis, Carula, Etna and Lysimax, all contained
12% water. Ageing (loss of vigour) was achieved by heat
treatment of barley lots in watertight plastic bags in a wa-
ter bath at 58°C for 0-50 h. Subsamples were removed
every 10 h. These samples were analysed in order to deter-
mine VP and included in the field experiment in 1994.

2. To determine vigour potential (VP) according to
Aastrup et al.': Vigour potential was determined by heat-
treating 10 subsamples of every barley lot at 12% water
content contained in welded plastic aluminium bags in a
water bath at 68°C for 0-4%2 h, where subsamples were
removed every 30 min. After this treatment every sub-
sample was germinated according to germination method
2. The results from 8 days of germination were plotted,
yielding a germination curve dependent on heat treatment
from which the vigour potential was calculated using the
Carlsberg vigour model'.

If the moisture content in a sample was too high, the
sample was spread out in a thin layer at room temperature
until the moisture content was below 12%. The samples
were corrected to 12.0% water content by the addition of
the missing volume of water. The sample was then shaken

and left for 24 h in a closed plastic box, after which the
moisture content was checked.

Chemical analysis

Moisture content was determined according to ICC
110/13.

Activity of a-amylase was determined according to
ICC 108°.

Data analysis

Principal Component Analysis (PCA) was performed
according to Martens and Nes'® using the software “Un-
scrambler” from CAMO ASA, Norway. The aim of the
PCA algorithm is to determine the latent factors or princi-
pal components (PCs) in the data set, which describe most
variation. Based on vector algebra the algorithm calculates
and compresses the data material (whole germination
curves after heat treatment) into scores for principal com-
ponents, which are plotted on a score plot. The position of
a sample in the score plot expresses the pattern of the cor-
responding germination curve, so those samples with simi-
lar scores reflect the same pattern. The variables involved
(germination percentage (g) after heat treatment in e.g. 4%2
h (g4'2) and untreated (g0), expressed as loadings, can be
plotted together with the scores in a biplot. A score for a
germination curve placed near a loading indicates a high
influence by the variable.

RESULTS

In Table IA the differences and ranges in vigour poten-
tial (VP), germination percentage and germination index
(GI) of all the barley varieties naturally and artificially
aged are shown. These results show that the germination
index (GI) varies from 4.9 to 8.9 for the naturally aged
samples and from 3.4 to 8.7 for the artificially aged sam-
ples. Three samples of naturally aged Alexis had a final
germination percentage after 3 days (method 1) less than
90%, whereas 5 of the artificially aged samples by heat
storage (Carula 30 h; Etna 30, 40, 50 h; Lysimax 30 h) had
less than 90% germination. In the naturally aged samples
the level of VP varies from 0.6 to 4.4, whereas in the arti-

TABLE IA. Min-Max values for vigour potential (VP), germination index (GI) and total germination percentage for the 50 samples. Min-Max values

of a-amylase activity for 28 samples of the total.

Variety Samples \% 3 GI Germ_tot a-Amylase
Naturally aged 1993-1994
Alexis 12 0.6-4.4 4.9-8.9 49.8-98.8 0.2-2.0(n=12)
Ariel 2 0.8-1.7 8.3-8.4 95.8-97.0 —
Blenheim 7 1.5-2.9 5.7-8.8 93.5-97.0 0.1-1.2(n=95)
Etna 2 0.9-2.1 5.0 95.8-97.5 —
Lysimax 2 2.6-2.9 6.8-6.9 98.8-99.5 0.1 (n=2)
Meltan 10 1.2-3.1 5.2-7.3 97.0-99.3 0.1-0.7 (n=8)
Artificially aged
Alexis — untreated 1 1.0 8.2 98.5 04(n=1)
heat-treated 10-40 h 3 0.3-1.4 4.4-6.8 95.3-98.3 —
Carula — untreated 1 1.2 8.1 97.3 —
heat-treated 10-30 h 2 0.5-1.0 3.9-6.4 25.0-95.3 —
Etna — untreated 1 1.5 5.0 97.3 —
heat-treated 10-50 h 4 0.1-1.5 3.4-5.0 15.3-94.8 —
Lysimax — untreated 1 2.3 8.7 97.8 —
heat-treated 10-30 h 2 0.4-2.2 3.8-6.0 32.5-91.8 —
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TABLE IB. Average value and variation for vigour potential (VP), ger-
mination index (GI) and % total germination in artificially aged samples,
naturally aged samples in total and for the two separate years.

n VP GI Germ. %
Artificially aged 11 0.9+0.8 48+12 733+162
Naturally aged 35 20+0.8 6712 942+48
Naturally aged 1993 21 1.8+0.8 6613 93.0+59
Naturally aged 1994 14 24+04 6712 964=+13

ficially aged samples the level of VP varies from —0.5 to
2.2, which is markedly lower. Alexis is an exception here,
because the given heat treatments for 10 and 30 h appar-
ently have higher VP (VP = 1.4 and 1.3) than the untreated
sample (VP = 1.0). The reason for this will be discussed
later.

A comparison of the average values of the artificially
and naturally aged samples in Table IB shows that the
naturally aged samples have higher values of VP, GI and
total germination compared to the artificially aged sam-
ples produced by heat storage. It is furthermore seen that
the naturally aged samples grown and harvested in 1994
have higher values of VP, GI and total germination com-
pared to the naturally aged samples harvested in 1993.

The extreme germination curves (Fig. 1A) obtained by
heat treatment at 68°C with 12% water content from %2-
414 h, were selected from the PCA classification plots (Fig.
2A). One group of samples followed the vigour model of
Ellis and Roberts!'! with a strong decrease in germination
after 1-2 h of heat treatment, resulting in reverse S-shaped
curves as represented by No. 11 Alexis (Fig. 1A). No. 29
Meltan (Fig. 1A), displaying horizontal linear curves
where germination exceeded 90% even after 4 h of heat
treatment represents another group of apparently heat-
resistant samples. The third group also showing horizontal
curves, but on a low germination level already in the

% Germination

100 A

60 A
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untreated sample, is represented by the heat-stored sample
No. 03 Carula.

In untreated barley samples from the field we found
that germination after heat-treatment at 68°C for 412 h in
the extreme samples decreased from 99.0% to 93.8% in
the heat-resistant samples compared with 94.8% to 0.0%
for some of the heat-sensitive barleys following the above
mentioned model.

The Carlsberg model' was used to calculate the vigour
potential (VP) in a probit scale. As an example, the germi-
nation heat treatment curves from Fig. 1A are shown in
Fig. 1B where the probit scale is used instead of percent-
age of germination. The germination curve plotted on
probability paper follows approximately a straight line —
the tangent of the curve, which is extrapolated to the y-
axis where the intersection gives VP.

One would think that sample No. 29 should have the
highest VP, because this sample was more resistant to the
stress factor of heat compared with the other two samples.
This is not the case with the Carlsberg model. As one can
see in Fig. 1B, the heat-resistant sample No. 29 has a VP
of 3.1, whereas the heat-sensitive sample No. 11 (follow-
ing the VP model) has a VP of 4.4. The probit curves for
the two samples have the same intersection at the Y-axis,
but the intersection of the tangent for the two curves
which defines VP makes a difference between the two
samples according to the slope. The third sample (No. 03)
has the lowest VP, as expected.

Principal component analysis (PCA) is used to repre-
sent the different patterns of the germination curves for
the total number of barley samples (n = 50) (Fig. 2A). The
PC 1 and PC 2 explain 76% and 14% of the variation re-
spectively. The notations refer to variety, and behind every
score point in the PCA is a corresponding germination
curve, as shown in Fig. 1A. Samples lying close to each
other in the plot have similar scores and patterns with re-

T T T
g0 g ¥ g 1 g 1% g2

T T T

g 2% g3 g 3% g 4 g 4%

Hours of heat treatment

FIG. 1A. Germination curves for samples No. 03 (Carula, artificially aged 30 h), No. 11 (Alexis, naturally aged) and No. 29 (Meltan,
naturally aged). Total germination percentage after heat-treatment at 68°C in 0-4Y2 h, where sub-samples are removed every Y2 h.
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FIG. 1B. Germination curves for samples No. 03, 11 and 29. Total germination percentage in probit after heat treatment at 68°C in
0-4%2 h where sub-samples are removed every Y2 h. The points where the tangents meet the y-axis (arrows) is defined as the initial

vigour potential (VP).
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FIG. 2A. Biplot (PC1:PC2) made on germination curves for the
heat treated samples harvested in 1993 and 1994. Al = Alexis, Ar
= Ariel, Bl = Blenheim, Ca = Carula, Et = Etna, Ly = Lysimax,
Me = Meltan. Underlined samples are artificially aged with heat
storage before the heat treatment procedure according to the
Carlsberg model. Bold samples are harvested in 1994. All others
are from 1993. Loadings: e.g. g0 = total % germination in un-
treated sample and g2 = heat treated ¥2 h at 68°C.

gard to the germination curve. As can be seen in the bi-
plot, there is no systematic division between varieties or
between naturally and artificially aged (underlined) sam-
ples (Fig. 2A). The corresponding loadings for the vari-
ables regarding germination after heat treatment (g0 —
g41%) in the biplot in Fig. 2A reveal a systematic trend in
the position of the variables ranging from germination
percentage at 8 days for the unheated sample g0 in the top
right corner to the corresponding values for heat-treatment
at 4¥2 h below. The long heat-treatment variables appear in
the same corner as the heat-resistant samples like No. 29
(Fig. 2A).

In Fig. 2B the same plot (loadings not displayed) is
shown as in Fig. 2A, although the notation refers to germi-
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FIG. 2B. Plot with scores (PC1:PC2) made on germination
curves for the 50 heat treated samples harvested in 1993 and
1994. The numbers refer to the germination index (GI) for every
sample. Underlined samples are artificially aged before heat
treatment according to the Carlsberg model. Bold samples are
harvested in 1994.

nation index (GI) for the samples instead of variety. It ap-
pears as if the samples in the upper half (Group I) have
higher GI values than the samples in the lower half. Here
there are two groups: one to the bottom left containing
samples with low GI (Group III) and one to the bottom
right containing samples with intermediate GI values
(Group II). The three examples of germination curves No.
11, No. 29 and No. 3 illustrated in Fig. 1A are representa-
tives for each of the three groups I, II and III, respectively.
The samples with reverse S-formed curves following the
vigour model are placed in the upper half of the score plot
(Group I) with high values of GI. The samples with low
initial germination percentages (Group III) are placed bot-
tom left (lowest GI values), while the heat-resistant sam-
ples with high germination percentage in the untreated
sample (as well as in the initially heat-stored samples) are



TABLE II. Average and 5% confidence interval for GI, germination percentage (8 days) of samples, untreated and heat treated at 68°C (12.0% H,0)
in 4%2 h calculated for Group I, II and III. Different letters refer to significant differences (5% level) between groups. Activity of a-amylase for 28

samples divided in the three groups are shown as well.

n VP G %untreat. G %4Yh a-Amylase
Group I 24 7204 A 95.6+2.0 A 179+79 A 04+03m=18) A
Group II 15 57+0.6 B 94.1+35 A 53.6+124 B 02+0.1(n=6) A
Group III 11 5010 B 56.8+11.2 B 123+163 A 0709 (m=4) A

placed bottom right (Group II), where the GI values are
intermediate between the other two groups (Fig. 2B).

When average GI for the three groups is calculated,
there is a clear statistical difference between the groups
(Table II). The confidence interval (5% level) shows that
there is significant difference between GI for Group I and
the other groups, but there is no significant difference be-
tween GI for Groups II and III. Comparing the average
germination percentage with the untreated samples for the
three groups, it is seen that there is no significant differ-
ence between Group I (heat sensitive) and Group II (heat
resistant). Group III however is significantly different
from the two groups due to the low initial germination
percentage of the samples belonging to this group. This
picture changes when looking at the average germination
percentage for the groups after 4%2 h of heat treatment.
Now there is a clear significant difference between Group
I and Group II. The samples in Group III are defined as
heat resistant because the decrease in germination percent-
age from untreated to 4%2 h of heat treatment are low.
However when the germination percentage is initially low,
the germination percentage after heat treatment will also
be low. Therefore Group III is not significantly different
with respect to GI from Group I (Table II). It is concluded
that group III is irrelevant for the malting industry due to
its low initial germination percentage.

DISCUSSION

The samples grown and harvested in 1994 have higher
average values of VP, GI and total germination percentage
than the samples from 1993 (Table IB). This is as ex-
pected, because the weather conditions during harvest
were almost optimal in 1994, but difficult in 1993. With
regard to the heat resistance and heat sensitivity, it is not
possible to see a systematic difference between the two
years. In Figures 2A and B it is seen that samples from
1994 (in bold) are placed from the left top to the right bot-
tom corner, showing both heat-sensitive and heat-resistant
samples together with the samples from 1993.

From the example in Fig. 1B it is obvious that the
model of vigour potential is not adequate to describe all
barley samples. In some cases when samples show heat
resistance, the VP will be lower for the sample resisting
stress than for the heat-sensitive sample, which reacts to
stress. Another example is the artificially aged samples of
Alexis, which have higher vigour potentials compared to
the untreated sample of Alexis (Table IA). This is due to
the fact that the tangents for the two heat-stored samples
have a larger slope than the unheated sample, resulting in
a higher VP value compared to the untreated raw sample.

When comparing VP with germination index (GI),
which is another potential indicator of vigour, the heat-

sensitive samples in this experiment have higher GI than
the heat-resistant samples. Aastrup et al.? found a high
correlation (r = 0.95 and r = 0.92) between VP and GI for
two barley samples (varieties Cal08725 and Klages) di-
vided in 10 subsamples, which were artificially aged by
heat storage.

Table III shows the correlation coefficient (r) between
VP and GI from our experiment. There is no significant
correlation for the total material (r = 0.33). When the sam-
ples are divided into naturally and heat stored samples,
there is no correlation for the naturally aged samples (r =
—0.09), but there is a weak positive correlation between
VP and GI for the heat stored samples (r = 0.63). When
the heat-stored samples are divided into varieties and cor-
relation coefficients are calculated, Alexis has a low corre-
lation value (r = 0.42), but r is higher for Lysimax, Etna
and Carula separately and combined (Lysimax, r = 0.86;
Etna, r = 0.86; Carula, r = 0.95 and combined r = 0.65). It
seems that the correlation between VP and GI in heat
stored samples is dependent on variety and that samples
that are artificially aged by heat storage have a relatively
high correlation coefficient, confirming the results of Aas-
trup et al.2. This result deviates from the naturally aged
samples, which display a low correlation coefficient be-
tween VP and GI.

GI is determined after germination for three days
whereas VP is determined after 8§ days of germination.
Germination for 8 days is not interesting for the malting
industry, but 8 days was chosen to obtain the extreme cri-
terium for vitality and to compare with earlier experi-
ments>.

TABLE III. Correlation between vigour potential (VP) and germination
index (GI).

Correlation VP-GI n r
All samples 50 0.33
Group I 24 -0.07
Group II 15 0.4
Group III 11 0.33
Naturally aged 35+4 -0.09
Alexis 12+1 0.02
Ariel 2 —
Blenheim 7 -0.78
Etna 2+1 0
Lysimax 2+1 -0.84
Meltan 10 -0.18
Naturally aged 1993 21 +4 0.01
Naturally aged 1994 14 -0.63
Artificially aged + untr. control 11+4 0.58
Artificially aged 11 0.63
Alexis 4 0.42
Carula 3 0.95
Etna 5 0.86
Lysimax 3 0.86
C+E+L 11 0.65
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From our experiments it is demonstrated that the vigour
model developed by Ellis and Roberts!'! using heat treat-
ment and further developed with vigour potential at Carls-
berg! is not adequate to classify and describe all barley
samples. In addition to the sigmoid curve postulated by
the statistical model™!! there are at least two other extreme
reaction models (Fig. 1A), both comparatively insensitive
to heat treatment, but exhibiting high and low germination
levels. There is a continuous variation between the three
models, which is best detected and visualised by multi-
variate data analysis (PCA).

A review of the published literature!®-1*2%-22 shows that
earlier experiments with heat treatment of barley were
made with very few varieties producing sub-samples by
heat treatment of a very limited number of original barley
field lots which all were artificially aged. In order to test
the vigour models of Ellis and Roberts'' and Aastrup et
al.! in our experiment we tested 50 barley samples from 7
different varieties grown in two different years and, in
contrast to the other authors, included both artificially and
naturally aged samples. Furthermore, we have succeeded
in finding naturally aged samples with a broader range in
VP than the artificially aged samples.

The results of the current study confirmed those of Riis
and Bang-Olsen" who performed experiments with heat-
treated samples (artificially aged) for which GI was deter-
mined. The heat treatment was carried out on four differ-
ent samples of different varieties: Alexis, Ariel, Triumph
and Prisma. The samples reacted differently to the heat
treatment, where Ariel in this experiment was most influ-
enced by the heat treatment as opposed to Alexis that in
this case was most resistant to the heat. All the samples
had lower GI when they were heat-treated!’.

Pre-germination has been shown by several authors to
cause increased sensitivity with regard to storage*>!%,

In order to elucidate if the observed heat sensitivity and
resistance in our experiment is related to pregermination
or de novo produced enzymes, the activity of a-amylase
was analysed on 28 of the 50 samples.

As can be seen from Table IA the a-amylase activity is
generally low in our material. There is no indication of
increased a-amylase activity with respect to either the
heat sensitive or the heat resistant samples (See Table II).

The analyses show that the content of a-amylase differ
from 0.1-2.0 units a-amylase. No correlations between
content of a-amylase and e.g. vigour or heat sensitivity is
found. As an example the content of a-amylase for the
heat-sensitive sample “Alexis no. 11”7 is compared with
the heat resistent “Meltan no. 29” (Fig. 1A and 1B). The
sensitive sample has an activity of 0.3 units a-amylase
whereas the heat-resistent is 0.2 units a-amylase.

CONCLUSIONS

We have found heat-sensitive samples following the
vigour model"!! as well as heat-resistant samples'® with
more than 90% germination after heat treatment at 68°C
for 42 h, which do not follow the model. Heat-sensitive
samples in our material have a tendency towards a faster
germination and therefore a higher GI than heat-resistant
samples.
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We conclude that the above mentioned model for vig-
our as related to heat treatment may only be used as a
worst case scenario for prediction of survival.

The genetic and environmental background for heat re-
sistance of germination found in several barley samples in
this investigation will be discussed in a subsequent publi-
cation!’,
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